In the future energy pathway, characterized by flexibility of technologies and fuels, biogas could represent an alternative to conventional natural gas in feeding multiple types of technologies, both traditional thermal machines (chemical reactions), and innovative electrochemical generators such as fuel cells (electrochemical reactions). To compare the two pathways of energy production, two criteria are considered: (a) environmental analysis (emissions) and (b) exergy analysis. The results of the environmental and exergy comparison are presented and discussed in case of two selected transformation processes: partially premixed flames (PPFs, for chemical processes) and solid oxide fuel cells (SOFCs, for electrochemical processes), for a range of operating conditions. From an environmental point of view, the PPF exhaust stream has significant traces of NO x and C 2 H 2 , which are precursors of atmosphere pollution, while the SOFC exhaust stream does not contain such chemical species due to the absence of combustion. From a exergy point of view, the utilisation of the biogas in form of electrochemical oxidation in a SOFC indicates significantly higher exergetic efficiency compared to the chemical oxidation in partially premixed flames.
Introduction
Biogas represents a potentially important and renewable alternative to conventional natural gas in feeding multiple types of technologies apt to produce energy through both traditional and consolidated thermal machines (whose operation is based on a series of chemical reactions), as well as innovative electrochemical generators such as fuel cells (exploiting electrochemical reactions). Biogas could play an important role for both energy pathways, even though there are significant differences between them, which require investigations as to which of the two paths would lead to the best future perspectives.
In order to compare the above two pathways of energy production using biogas, two criteria are considered:
• emissions analysis • exergy analysis Exergy analysis is a powerful instrument for the comparison of the two conversion pathways to extract chemical exergy from a biogas stream. In terms of energy comparison, as the biogas primary fuel is used along different energy pathways, the energy product(s) of the transformation chain will be different in quantity and typology (e.g., mechanical power, heat flow at a given temperature, a stream of different chemical composition, etc.). Thus, a thermodynamic approach to homogenize different type of energy flows, allowing a quantitative comparison, is to make use of the concept of exergy.
Nevertheless, the exergetic approach is not able to get some other points of high value in the present energy context, as the emission of contaminants in atmosphere: therefore, the emission analysis is added as a complementary approach. For emission analysis, it is important to study the composition of the exhaust streams in terms of major components and contaminants. The stream composition can be computed models, which outline the composition in terms of the mole fractions of reactant (fuel and O 2 ), product (CO 2 , H 2 O, CO, H 2 , intermediate hydrocarbons, etc.), and inert species, along with the traces of contaminants.
As examples of the methodology, the two processes considered in the paper are:
• Chemical process: partially premixed flames (PPFs), where fuel ignites by being premixed with compressed air inside a combustion chamber; this choice is due to the availability of previous existing literature (in particular, please consider Ref. [1] ).
• Electrochemical process: solid oxide fuel cells (SOFCs), which can be fed via internal reforming of biogas by mixing it either with carbon dioxide (dry reforming) or water (steam reforming); a detailed numerical model has been developed and validated through experimental tests performed on a tubular anode-supported SOFC (with a detailed exhaust gas analysis through gas-chromatography, not described in the paper, but reported in Ref. [2] ).
The results of the emissions and exergy comparison are presented and discussed for both PPFs and SOFCs, for a range of operating conditions.
equations. This discussion pertains to the flame reactor model (OPPDIFF) in the Chemkin software. 1 A steady-state solution is computed for axisymmetric partially premixed flames between two opposing nozzles. The configuration consists of two concentric, circular nozzles directed toward each other, as shown in Fig. 1 . The two-dimensional axisymmetric flow is reduced mathematically to one dimension by assuming that the radial velocity varies linearly in the radial direction, which leads to a simplification in which the flow properties are functions of the axial distance only. The one-dimensional model then predicts the species, temperature, and velocity profiles in the core flow between the two nozzles (neglecting edge effects).
The reduction of the two-dimensional stagnation flow is based upon similarity solutions for incompressible flows performed by Kármán [3] and is more readily available in Schlichting [4] . The impinging and stagnation-flow models used in Chemkin are based on a finite domain, where the user specifies the nozzle separation distance. For this approach, an eigenvalue must be included in the solution of the equations, and the strain rate varies, such that a characteristic strain rate must be determined from the velocity profile. Following the analysis of Evans and Grief [5] , Kee et al. [6] showed that this formulation allowed more accurate predictions of the extinction limits for premixed flames than other approaches. In the following equations, n represents the radial direction. A more detailed derivation of the governing equations for the opposed-flow geometry is provided by Kee et al. [6] .
where v n is the radial or cross-flow velocity component. Following von Kármán [3] , who recognized that v n =n and other variables should be functions of the axial coordinate x only, we define:
Then the continuity Eq. (1) reduces to
for the axial velocity u. Since A and G are functions of x only, so are q, u, T, and Y k . The radial momentum equation is satisfied by the eigenvalue
The radial momentum equation is
Energy and species conservations are, respectively, implemented as follows:
Here, the diffusion velocities are given by the mixture-averaged formulation
where
and D km , D jk , and D k T are the mixture-averaged, binary, and thermal diffusion coefficients, respectively. The boundary conditions for the fuel and oxidizer streams at the nozzles are
The inflow boundary condition (12) specifies the total mass flux, including diffusion and convection, rather than the specifying the species mass fraction Y k ¼ Y k,F . If gradients exist at the boundary, these conditions allow diffusion into the nozzle. The differential Eqs. (4)- (8) along with boundary conditions (11) and (12) form a boundary value problem for the dependent variables (A, G, H, T, Y k ). The gas-phase kinetics library provides the reaction rates and thermodynamic properties, while the transport package evaluates the transport properties for these equations. Discretization of the differential equations uses conventional finite differencing techniques for nonuniform mesh spacing. Diffusive terms use central differences, with truncation error that is second-order in the mesh spacing. For better convergence, convective terms use upwind differencing, which uses the sign of the velocity to choose the direction of the spatial difference.
Biogas Electrochemical Oxidation in SOFC.
The numerical model, which has been implemented in MATLAB using a http://www.sandia.gov/chemkin, incorporating complex chemical kinetics into simulations of reacting flow, considering problems involving gas-phase and heterogeneous (gas-surface) chemical kinetics.
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Transactions of the ASME CANTERA interface, aims to describe the biogas energy utilization in an anode-supported SOFC and evaluate its effectiveness. 2 The model considers the biogas reforming process and subsequent electrochemical oxidation occurring inside the anode channel of a tubular, anode-supported SOFC. It is based on the discretization of the reaction environment in such a way that improves the computation of mole fractions of species through rapid convergence. Both thermodynamic and electrochemical aspects are considered in order to ensure completeness (Fig. 2) .
Since CANTERA was initially developed to study combustion processes, the present model follows the similarity solution approach, which has been used for flames and is based on converting a system into a certain number of cylindrical elements where one-dimensional laws can be applied. If the cylindrical elements are long and thin, the Mach number is much less than unity (and thus pressure is nearly constant), and the boundary conditions are satisfied, the exact flow equations admit a solution where the dependent variables (axial and radial velocity, temperature, and the mass fractions of all chemical species involved) depend on the axial coordinate only, while pressure is expressed as a function of the radial coordinate as follows:
with K being a constant that must be determined as part of the solution.
For conditions where the similarity solution holds, the flow equations reduce to a set of ordinary differential equations in the axial coordinate. This is possible because the gas flow in the fuel channel is considered to be one-dimensional and laminar, neglecting variations of the gas composition in the transverse direction. This is a reasonable approximation, because the fuel channel typically has characteristic diameters less than a centimeter and mean velocities less than 100 cm/s. Under these circumstances, the Reynolds number is on the order of 100 or less. The following equations represent the set of ODEs employed to solve the problem in the axial coordinate. In particular, the continuity and the radial-momentum equations are expressed as follows:
while the species-conservation and the energy-conservation equations can be, respectively, written as follows, considering the dependency on both the axial coordinate and time:
The convective terms are discretized through an upwind differencing method, while a central differencing method is employed to discretize the diffusion terms. Boundary conditions are applied at z ¼ 0 and z ¼ L, with u, T, and Y k being independent of r, and with v being linear in r (v is usually set to zero at the boundaries). The fluxes J k can be computed using the mixture-averaged transport model, following Hirschfelder et al. [7] and Coffee and Heimerl [8] . The electrochemical oxidation at the anode is considered to be carried out for hydrogen only. Once the current density i is determined, it is possible to evaluate the molar flux of the gas species from the electrochemical reactions as
A positive flux at the anode means that mass enters the anode pore space from the anode-electrolyte three-phase boundary. The molar production rates _ x k are evaluated using a heterogeneous reaction mechanism (Table 1) . Since the mechanism is formulated in terms of elementary reactions on the catalyst surface, the reaction rates depend both on the concentrations of the gaseous reactants and on the coverages of the surface species representing reactive surface sites and adsorbates. In particular, the surface coverage of a species j may be defined as the fraction of an electrode surface covered by the adsorbed species j. Since these coverages are not known a priori, they must be determined as part of the solution.
Unlike the gaseous species, the surface species are effectively immobile on length scales larger than an individual catalyst particle. Therefore, at steady state, the surface coverages must take on values such that the net production rate due to chemistry is zero for every surface species:
The net production rate of any species (gas or surface) in reaction j is given by
where q j is the rate of reaction j. The reaction rates are computed assuming mass-action kinetics, with temperature-dependant rate coefficients in Arrhenius form [5] http://www.cantera.org, a collection of object-oriented software tools for problems involving chemical kinetics, thermodynamics, and transport processes.
The heterogeneous reaction mechanism is partly extracted from Refs. [9] [10] [11] . Nickel is the most common anode material (in Ni-YSZ cermets) and is certainly cost-effective. Although there are several crucial issues associated with nickel in reforming reactors (carbon deposition, pore blocking, and deactivation on nickel are well-known problems), there is considerable evidence that SOFCs can use nickel anodes effectively. For instance, nickel is successfully used as a catalyst for hydrocarbon reforming and shifting to produce syngas (a mixture of hydrogen and carbon monoxide). The reactions of methane on nickel have been extensively studied for decades, and different reaction mechanisms and corresponding models have been proposed. Recently, attention has been focused on developing a multistep reaction mechanism based on the knowledge of the elementary steps. The reaction mechanism reported in Table 1 consists of 42 irreversible reactions among 6 gas-phase and 12 additional adsorbed species.
Most reaction rates are represented in Arrhenius form or as a sticking coefficient. However, the net reaction rates of reactions 12, 20, 21, and 23 depend on the carbon-monoxide coverage h COðsÞ in the form
Although the reaction mechanism is written as pairs of irreversible reactions, the reverse rate coefficients depend on the forward rate coefficients and the thermodynamics. The reverse rate coefficients are computed to ensure thermodynamic consistency and an asymptotic approach to the equilibrium state.
Elementary reaction mechanisms can be applied more generally than global mechanisms, which may be validated only for specific geometric configurations and operating conditions. The mechanism here was initially developed and validated using nickelcoated honeycomb monoliths for the temperature range from 700 to 1300 K. The validation is based on comparing measured product composition with results of two-dimensional reacting flow simulations for a single channel [9] . In addition to the monolithbased validation, the mechanism reported in Table 1 has been   Table 1 Heterogeneous reaction mechanism for methane reforming on nickel-based catalysts
0.0 128.6 -a Arrhenius parameters for the rate constants written in the form: k ¼ AT n exp(ÀE/RT). The units of A are given in terms of moles, centimeters, and seconds. E is in kJ/mol. b Sticking coefficient. c Coverage-dependent activation energy. Total available surface density C is expressed in mol/cm 2 and represents the tuning parameter.
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Transactions of the ASME recently validated in specifically designed experiments using porous Ni-YSZ anode structures [10] . These experiments consider both steam and dry reforming of methane. Because the reaction mechanism is based on elementary molecular processes, it represents all the global processes in an SOFC anode, including steam reforming of CH 4 to CO and H 2 , watergas-shift reactions, and surface coverage. The mechanism includes surface-adsorbed carbon C(Ni) and oxygen on the surface up to one monolayer O(Ni). However, the mechanism has not been specifically validated for conditions where coking and bulkphase nickel oxidation occur.
The model described in the present work incorporates the heterogeneous chemistry in Table 1 . The mechanism was taken from Ref. [11] and manually modified from the CHEMKIN to CANTERA format. In order to do this, information about mechanism files contained in Dalle Nogare's work was used [12] .
Input parameters include pressure, temperature (considered constant in the present model), nearly constant in reality), current applied to the cell, a shape function (optional) to define the current profile, and fluxes of all chemical species entering the anode. The cell-geometry parameters include anode channel length, anode channel radius, anode thickness, and the number of cells for the axial and radial discretization.
The anode thickness is not used to study the phenomena occurring within the anode, but it is considered to be such an extension of the anode radius. This is an approximation used to improve chemical processes occurring within the anode channel, since the present model focuses on the phenomena occurring inside the fuel channel only.
The fuel channel is divided into a certain number of axial cells and every cell is analyzed along the radial coordinate only. The solution is computed by using a cycle, whose number of iterations equals the number of axial cells. Initial gas composition is updated at every iteration with the final results coming from the previous cell. This implies that the transport in the axial direction is predominantly due to diffusion, while that in the radial is due to convection. Moreover, since the present study does not consider a porous medium, the anode reacting surface is assumed to be an interface between the anode and the fuel channel.
Once the boundaries are set, the stack object is solved for every cell by first solving the energy equation and then by turning on all surface chemistry reactions. It is possible to speed up the computation by defining tolerances for both the steady-state problem and for time stepping, while the radial grid can be refined by setting more stringent refinement criteria if needed. Net production rates of all chemical species are computed directly using the mechanism file, while production and destruction rates due to the current applied to the fuel cell are computed by exploiting Faraday's law.
Biogas Combustion in Premixed Flames
/40%CO 2 ) has been considered in the calculations. The biogas contaminants (present in traces, as siloxanes and halocarbons) have been neglected. In the case of sulphur, its content in a biogas stream (e.g., from waste water treatment units) can vary from 60 to 200 ppm (for large plants with digesters treated with iron oxides) to 500 ppm (for small farm plants). The sulfur content has a very high impact on the SOFC anodes based on Ni, and it is therefore carefully separated from the biogas, using cleaning guard beds (usually composed of ZnO beds or activated carbons guard beds). For this reason, we did not consider the sulfur content in the biogas, for both PPF and SOFC analysis. Figure 3 shows the mole fraction profiles of the main pollutant species. The biogas composition is assumed to be 60%CH 4 
and the oxidizer (right) streams. Note that for partially premixed flames, the main parameters of interest are the equivalence ratio (/) of the fuel stream and the strain rate. As indicated in Table 2 , simulation results are shown for / ¼ 1.4 and 3.0 (values commonly used in current combustion literature [1] ), and strain rates of 150 s À1 and 200 s À1 (in order to assure relatively high inlet velocities). Since Chemkin opposed-flow-flame model does not allow the user to directly specify / at the fuel nozzle, a useful way is to specify the mole fractions of all chemical species at the fuel nozzle for a given /. Similarly, the global strain rate is specified by computing the inlet densities and velocities for both the fuel and oxidizer using the following two equations [13] :
where a s represents the global strain rate, and:
(25) Figure 3 shows the effect of strain rate (a s ) and equivalence ratio (/) on the flame structure and emissions. As the strain rate is increased, the emissions of pollutants are significantly reduced. In particular, the CO and CO 2 peaks decrease slightly, while the NO x (NOþNO 2 ) peaks show a considerable reduction. There is similar reduction in the peak mole fraction of C 2 H 2 , which is known to be a good precursor for soot formation. Regarding the effect of /, results indicate that for richer mixtures the emission peaks are shifted towards the air nozzle. In addition, the CO and CO 2 peaks are considerably reduced, while the NO x production is enhanced, as well as the soot formation, which is indicated by the higher C 2 H 2 peak.
SOFC Electrochemical Oxidation.
The electrochemicaloxidation model described above along with the heterogeneousreaction mechanism (Table 1 ) was employed to analyze the emissions and the effectiveness of biogas electrochemical oxidation, with simultaneous reforming processes, occurring inside the anode channel of a tubular SOFC. The anode-channel length is 331 mm, the inner diameter is 10.5 mm, and the anode thickness is 1.7 mm. Biogas composition is taken as the same as that used in flame studies, i.e., 60%CH 4 /40%CO 2. Figure 4 shows the predicted mole fraction profiles of the main chemical species along the fuel (anode) channel for two different open circuit voltage (OCV) cases, i.e., without electrochemical reactions. The cell temperature is set to 800 C, CH 4 mass flow rate is 50 ml/min, while CO 2 -to-biogas ratio is set to 1.0 and 1.5, respectively, which yields the CO 2 mass flow rate.
For both cases, results indicate a rapid consumption of CH 4 and CO 2 through Ni-catalyzed dry reforming, and consequent production of H 2 and CO. Also, a small amount of water is formed, which is due to the occurrence of the inverse water gas-shift reactions. In both cases, chemical equilibrium is approached but not achieved, even though dry reforming seems to proceed rapidly, especially in the first half of the fuel channel. Figure 5 shows the predicted mole fraction profiles of the main chemical species along the fuel channel when a current load of 15 A is applied to the cell, i.e., with electrochemical reactions. The cell temperature is set to 800 C again, CH 4 mass flow rate is 53 ml/min and the fuel utilization (FU) factor is 50%, while CO 2 -to-biogas ratio is set to 1.0.
For this case, the amount of H 2 O formed is more pronounced compared to the OCV case, which is due to the electrochemistry of the cell. For the reason, some CO is also consumed in the later part of the cell, forming CO 2 by reacting with H 2 O through direct water shift driven by the high H 2 O molar fraction. The H 2 O profile remains monotonic because of its continuous electrochemical production (from the H 2 produced by the CO shift in CO 2 ) along the cell at constant current. CH 4 is consumed by both steam and dry reforming, which consume H 2 O and CO 2 , respectively, to produce H 2 (primary fuel of the electrochemical reaction) and CO. H 2 is consumed to produce current, but at the same time, it is produced through water gas shift reaction, consuming CO and H 2 O and producing CO 2 . The CO is consumed by the water gas shift reaction, which produces H 2 (electrochemically oxidized in water) and CO 2 . The H 2 O is consumed by the steam reforming and water gas shift reactions, but is produced by the H 2 electrochemical oxidation. The same reactions operate in case of CO 2 -to-biogas ratios of 1.0 and 1.5, as clearly indicated by the highest amount of CO 2 in the exhaust gases.
Therefore, balances between all chemical processes involved in such a mechanism are usually extremely difficult to be established because of the overall complexity, but they may provide researchers with interesting data in order to better investigate the overall cell chemical behavior.
Comparison of Emissions.
The PPF exhaust contains significant amounts of NO x and C 2 H 2 , which are precursors of atmosphere pollution, while the SOFC exhaust stream does not Transactions of the ASME contain such chemical species due to the absence of combustion reactions. In terms of other major components, the PPF exhaust stream is mainly composed of N 2 , along with CO and CO 2 . If depurated by the N 2 content, the stream has a molar fraction of 7.7% CO and 37.4% CO 2 . The SOFC exhaust stream has no N 2 , and mainly contains CO and CO 2 , due to the biogas reforming process, with their mole fractions being 12.5% and 50.1% (mainly coming from the biogas reforming process to prevent C deposits on the anode), respectively, for the reference case of CO 2 -to-biogas ratio of 1.0. Therefore, the PPF exhaust has a lower absolute content of CO and CO 2 , but they are immersed in a amount of N 2 , which increases the energy costs for the separation of these species from the exhaust stream.
In conclusion, the use of biogas in PPFs produces direct pollutant species, and a lower amount of CO 2 and CO, which are, however, difficult to separate from the stream.
Exergy Comparison.
A given primary fuel can be used along different energy pathways involving different transformation processes depending upon the application. The energy product(s) of the transformation chain will be different in quantity and form (e.g., mechanical power, heat flow at a given temperature, a stream of different chemical composition, etc.). Consequently, the comparison of different energy pathways may be strongly affected by the differences in the nature of the energy products, and, thus, may only be qualitative. In this context, a thermodynamic approach based on the concept of exergy can homogenize different type of energy flows, and allow a quantitative comparison of the energy pathways. Therefore, this approach is utilized in the present study. The same primary fuel (biogas) with a given exergy content (chemical exergy), is used in two different transformation pathways, i.e., 1. Combustion in partially premixed flames, producing heat flow at a given (high) temperature and a stream of chemical species at a given thermodynamic state. 2. Electrochemical oxidation in SOFC, producing electric power and a stream of chemical species at given thermodynamic state.
The comparison between the two energy transformation pathways will therefore be done using the exergy analysis.
Basic Considerations in Exergy Analysis
. Consider an open system, which exchanges mass flows G k , thermal flows U qj and mechanical-electric power W t . The exergy equation in terms of power can be expressed as
where the terms are the exergy of thermal flow: The total specific exergy of a mass flow b t is composed of 4 terms: kinetic, potential, physical and chemical specific exergy. Both the kinetic and potential exergy are usually negligible in the majority of exergy calculations in real industrial systems.
The physical exergy b ph is the amount of work which can be recovered from the mass flow when it performs a reversible transformation from its starting thermodynamic state (T, p) and ending in a final state at thermal and mechanical equilibrium with the reference state (T 0 , p 0 ), without modification of its chemical composition. The expression for the specific physical exergy of a mass flow is:
The chemical exergy is related to a transformation of the mass flow: from the starting state (where the mass flow is in thermal 
where subscript "0" refers to the "restricted dead state". 
where the considered reaction sets the atoms of the chemical species in their final equilibrium composition in the dead state. For instance, the considered reaction in case of a hydrocarbon fuel is the oxidation which takes C atoms in equilibrium in the form of CO 2 , and H atoms in the form of H 2 O. The data concerning the fuel, product and exergy efficiency for the four analysed cases are reported in Table 3 .
Exergy
Since the specific exergy value of the fuel stream is the same for all the four cases, the exergy efficiency depends only on the product. In general, the cases with higher strain rate (cases (3) and (4)) show higher exergy efficiency. This is due to higher heat flow rate (although at slightly lower temperature), while the exergy content of the exhaust stream is quite similar due to similar composition. In general, the cases with higher / (cases (2) and (4)) show higher exergy efficiency, which this is due to higher exergy content of the exhaust stream, as a result of higher H 2 and CO content.
Therefore, an important observation here is that feeding with higher strain rate and especially with richer mixture leads to better exergy balance. Of course, to be exploited, this requires further use of the exhaust stream in order to recover its chemical exergy content.
Exergy Analysis: SOFC Electrochemical Oxidation.
For the exergy analysis, we again consider the same cases as analyzed for emissions: CO 2 -to-biogas ratio of (a) 1.0 and (b) 1.5 (I ¼ 15 A, FU ¼ 50%). In the exergy analysis, the fuel and product are considered as follows:
• Fuel: total exergy (physical þ chemical) of the SOFC anode inlet fuel stream (the exergy of the air cathode inlet stream is zero) • Product: total exergy (physical þ chemical) of the SOFC outlet exhaust stream þ electric power produced Table 4 Fuel, product and exergy efficiency of the two SOFC cases with CO 2 -to-biogas ratio set to (a) 1.0 and (b) 1.5 (I 5 15 A, FU 5 50%) The data concerning the fuel, product and exergy efficiency of the two analysed cases are reported in Table 4 .
Case (b) has a fuel stream with a higher CO 2 content (safer reforming conditions) and exhaust stream composition which is not significantly different from that for case (a). For these conditions, case (b) shows higher efficiency, which is essentially due to lower exergy content of the fuel (higher CO 2 content with lower chemical exergy), while the exergy content of the product, although lower than that in case (a) due to a lower H 2 molar fraction, is not reduced by the same amount. The exergy content of the electric power is quite similar (slightly higher in case (a) due to better composition of the fuel).
In conclusion, the feeding with a safer (in terms of reforming) fuel composition (higher CO 2 -content) shows better exergy balance.
In the SOFC cases, the high exergy efficiency values are essentially due to the high residual exergy content of the exhaust streams. However, this requires further use of the exhaust stream in order to recover its chemical exergy content.
3.2.4
Comparison. The utilisation of the biogas fuel for electrochemical oxidation in a SOFC shows higher exergetic efficiency compared to the chemical oxidation in partially premixed flames: exergy efficiency of 0.62 in case of SOFC, compared to 0.20 in case of PPF. This is due to the lower irreversibility in case of the electrochemical reaction compared to the chemical reaction. In particular, this is due to:
• higher exergy value of the energy product of the reaction:
electric power in case of SOFC and thermal energy (even if at high temperature) in case of PPF • especially higher exergy quality of the exhaust stream exiting from the energy device Thus, the electrochemical oxidation makes better use of the chemical exergy (chemical potential) of the inlet flow, leaving a higher chemical exergy content in the exhaust stream. Of course, as stated earlier, this higher efficiency is based upon further using the exhaust stream in order to recover its chemical exergy content. Therefore, it is important to identify an effective use of the exhaust exergy in a energy device following the SOFC. In contrast, the residual exergy of the PPF is relatively low, indicating higher irreversibility during the transformation of chemical exergy in the PPF process.
Conclusions
In the comparison of two pathways to extract chemical exergy from a fuel stream (direct chemical reaction (combustion) versus electrochemical reaction) a powerful instrument based on thermodynamics criteria is the exergy analysis. Nevertheless, the exergetic approach, even if very powerful and "objective," is not complete and is not able to get some other points of high value in the present energy context, as the emission of contaminants in atmosphere. Therefore, the emission analysis could represent a useful complementary approach, in order to outline the "external" effect of a energy transformation pathway. Biogas, a viable renewable fuel which can to be used in both chemical and electrochemical processes to produce energy, has been considered as a fuel for this comparison.
We have performed extensive simulations and analysis of biogas chemical use in partially premixed flames (PPF), and electrochemical use in SOFC cells. Simulations pertaining to the latter use have been validated through comparison with measurements (not shown here, see Ref. [2] ).
From an environmental point of view, the PPF exhaust stream has significant traces of NO x and C 2 H 2 , which are precursors of atmosphere pollution, while the SOFC exhaust stream does not contain such chemical species due to the absence of combustion. In terms of major constituents, the PPF exhaust stream contains 7.7% CO and 37.4% CO 2 (by volume) in a bath of N 2 , while the SOFC exhaust stream contains 12.5% CO and 50.1% CO 2 (mainly from the biogas reforming process to prevent C deposits on the anode), but no N 2 . Therefore, the PPF exhaust has a lower absolute content of CO and CO 2 , which are immersed in a large molar fraction of N 2 , which increases the overall costs for the separation of these species from the exhaust stream.
From a exergy point of view, the utilisation of the biogas in the form of electrochemical oxidation in a SOFC indicates significantly higher exergetic efficiency compared to the chemical oxidation in partially premixed flames, with the exergy efficiency of 0.62 in case of SOFC compared to 0.20 in case of PPF. This can mainly be attributed to exergy quality of the exhaust stream from the energy device under consideration. This higher efficiency is, however, conditioned on the possibility of further using the exhaust stream and extracting its chemical exergy content.
In conclusion, biogas may be an efficient alternative to conventional methane in both chemical and electrochemical processes, and has the desirable characteristics to play a significant role in the future for both energy pathways.
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Nomenclature Greek Symbols
q ¼ density (kg m À3 ) l ¼ dynamic viscosity (Pa s) k ¼ thermal conductivity (W m À1 K À1 ) K ¼ constant _ x ¼
